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I. INTRODUCTION 
Methods of Linear-Elastic-Fracture-Mechanics (LEFM) has been used 
widely for the design of advanced aerospace structures since 1970. For 
many cases, the use of LEFM has given reliable results. However, many 
investigators have shown that caution must be used when applying LEFM to 
predict either crack-growth behavior or residual life of the structure. 
Most of the engineering materials do not behave in a linear-elastic 
manner at the crack tip, but rather the material at the crack tip is 
subjected to plastic deformation before the material fractures. 
Therefore, it is necessary to derive an empirically based crack-
growth model that account for the effect of the crack-tip plastic 
deformation on fatigue-crack-growth behavior. The crack closure theory 
is one approach toward this problem that has received considable 
attention. 
The crack closure concept was first proposed by Elber [1] in 1971. 
According to him, when a fatigue crack is subjected to tens ion-tens ion 
cyclic loading, a part of the crack near the tip remains closed at low 
load levels. The basic scheme of Elber's closure and the definition of 
the terms such as K and K , are shown in Figure 1. 
op do 
He suggested that the crack closure was mainly caused by a zone of 
residual tensile deformation that had been left in the wake of the crack 
tip during crack propagation. These deformations effectively decrease 
the amount of crack opening displacement. On unloading, this can cause 
crack closure before zero load is reached. 
2 
do" 
MINIMUM STRESS INTENSITY 
REQUIRED TO OPEN THE CRACK 
FULLY DURING LOADING 
STRESS INTENSITY AT WHICH 
CRACK STARTS CLOSING 
DURING UNLOADING 
TIME 
FIGURE 1. Scheme of fatigue crack closure 
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Since the crack cannot propagate while it is closed at the crack 
tip, the low load levels have no contribution to the crack propagation. 
Therefore, Elber proposed that instead of total stress intensity range 
(i.e., AK = K - K , ) an effective stress intensity range which 
max mm 
excluded the low load levels should be employed to correlate the crack 
propogation rate. He believed that the fatigue crack growth rate (FCGR) 
could be equated with effective stress intensity range in one single 
equation that works for any stress intensity ratio R. Fatigue crack 
growth rate was first proposed by Paris and Erdogan [2]. The law is 
represented by the equation: 
0 = A AK" (1) 
where A and n depend on the material and the ratio R = K . /K 
mm max 
The difference between K and K , is insignificant in most 
op do 
experimental determinations of closure. For all practical purposes, one 
normally assumes . Consequently, Elber's proposition about 
FCGR can be represented by the equation: 
0 = ^ <FF 
where AK = K - K 
eff max op 
The experimental measurement of K^^ has been done by several 
investigators by using a variety of techniques - clip gauge method, back 
face strain gauge method, push rod method, electric potential drop 
method, ultrasonic and stress wave emission method etc. Unfortunately, 
4 
agreements were not generally found among these different techniques. 
The details will be discussed in the following chapter. 
The purpose of this paper is to study the crack opening behavior by 
using the Moire method. The Moire method has been used satisfactorily 
in determining the crack opening displacement (COD) [3]. By analyzing 
COD under different loads, one is able to determine K 
op 
The theory of Moire method is briefly reviewed and so is the high 
sensitivity Moire system which has been developed by Post and Baracat 
[4], Weissman and Post [5], Post [6,7]. A disc specimen is used to 
assure the displacement measurement by this system are accurate. Then, 
the system is used to measure the crack opening displacement of a 2024 
T351 aluminum alloy fatigue crack. The data are then double checked by 
using CMOD gauge and Microscope. After making sure the Moire 
_ measurement is reliable, the data are used to calculate the effective 
stress intensity factor and effective crack length. Then, can be 
determinated. -Finally, this is compared with the results from other 
techniques (clip gauge, back face strain gauge, near tip strain gauge 
etc.). 
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II. LITERATURE REVIEW ON CRACK CLOSURE 
A. Mechanism of Closure 
Understanding the Mechanism of Closure can help one to develop a 
procedure for the prediction of closure. Also, it helps one to identify 
and explain the role closure plays in determining da/dN and thus one can 
develop materials with better fatigue resistance. 
Plasticity-induced-closure is the mechanism proposed by Elber [1] 
that has been well-known and generally accepted. The mechanism is 
described as follows. When the fatigue crack is propagated by cyclic 
loading, a strip of yielded material (so called plastic wake) behind 
the crack tip is developed as shown in Figure 2. The residual tensile 
strains are produced at the same time in this plastic zone. Since both 
sides of the crack faces have residual tensile strains., then residual 
compressive stresses are set up over the crack faces. These compressive 
stresses have to be accommodated before the crack tip can be opened. • 
Therefore, a part of the crack near its tip remains closed at low load 
levels. As the crack cannot propagate while it is closed at the crack 
tip, only high load levels, K > contribute to the crack growth. 
B. Measurement of Crack Opening Stress 
1. Elber's method 
A special displacement gauge with two contact points was attached 
across the crack on the specimen surface and at points very close to the 
6 
FIGURE 2. Plastic wake along the crack surface [1] 
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crack tip. The applied stress intensity versus the measured 
displacement was then plotted as shown in Figure 3. When the crack was 
fully opened, the relationship between the applied stress and 
displacement was linear. Under this criterion, point C in Figure 3 was 
the point that indicated the required stress to open the crack tip. In 
other words, the corresponding stress intensity at this point was 
Z- Other methods to measure the crack opening stress 
Several methods have been used to measure Some representative 
methods are reviewed as follows. 
a. Crack mouth opening displacement method [8,9,10,11,12,13,14] 
This method employs crack mouth opening displacement (CMOD) gauge (also 
called a clip gauge) to measure the opening displacement at the crack 
mouth. The details of the gauge are described in the ASTM standards 
E399 or E647. The load versus displacement curve (like Figure 3) is 
again drawn. Then, is determined by checking the deviation from 
linearity. 
b. Strain gauge method [13,15,1^] In this method, strain gauges 
are bonded to the specimen to record the signals under various loads. 
The load versus signal output curve is similar to that in Figure 3. And 
so is the determination of The strain gauges can be bonded to the 
specimen at various locations. Figure 4 shows two commonly used 
locations. Gauge A is bonded on the back face of the specimen, while 
gauge B is bonded near the crack tip. They are called back face strain 
gauge (BFS) and near tip strain gauge (NTS), respectively. 
8 
op 
A 
DISPLACEMENT 
FIGURE 3. Stress intensity factor versus displacement 
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FIGURE 4. Locations of strain gauge on compact tension specimen 
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c. Ultrasonics 1^,19] The basic scheme of this method is 
shown in Figure 5. If the crack tip is fully opened, no signal can be 
transmitted through the crack to the receiver. When the crack tip is 
not fully opened, the contacting portions of the crack faces allow part 
of the signal to transmit through the crack interface. The K is then 
op 
determined from the curve that records load versus signal transmitted. 
d. Push rod [^,21] Figure 6 illustrates the set up for the 
push rod technique. Two holes have been drilled from the top of the 
specimen toward the fatigue crack. One is drilled to just above the 
crack, while the other is below the crack. Then two push rods are 
inserted into these holes to monitor the relative displacement across 
the crack. The is determined by establishing the change from 
nonlinear to linear behavior as described above. 
e. Scanning electronic microscope [^,^,^,25] Crack opening 
displacements can be directly observed by using the SEM method. 
Usually, several replicas that 'record' the crack deformations under 
various loads are examined by SEM, and used to determine the closure 
load. The commonly used two stage replication consists of acetate tape, 
evaporation of gold on it, and the final support of the replica using 
electrodeposited copper [25]. 
3. Comparisons among these methods 
The results from Elber's near tip gauge are related to 'local 
closure' of the specimen. The signal output is strongly influenced by 
the crack tip local residual strains. NTS monitors the crack tip local 
11 
Transducer 
V 
Receiver 
FIGURE 5. Ultrasonic detection on compact tension specimen 
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FIGURE 6. Push rod detection on compact tension specimen [20] 
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behavior and agreement with Elber's method is expected. Good agreement 
between the NTS method and the CMOD method is not experienced. The 
agreement of the results from the methods - CMOD and BFS - have been ' 
reported [13,15,16]. The results from these two methods are related to 
'global closure' of the specimen. They are not only influenced by the 
local crack tip plasticity, but also the global effects that exist 
between crack tip and gauge location. These global effects can mask the 
fine details associated with plasticity at the crack tip. 
Push rod method monitors the crack interior behavior. Results are 
expected to be about the same as those of Elber's which monitors the 
outside surface of the crack. The results from the ultrasonic method 
are usually hard to compare with the above methods because the 
definition of an acoustically open crack is not necessarily the same as 
that of a mechanically open crack [26,27]. At this time, a well-defined 
acoustically open crack has not been established. 
SEM is a reliable method to monitor the crack tip local behavior, 
if real time observation is possible. However, in many practical cases, 
this is impossible since the model and loading apparatus are too large 
for the viewing chamber. A series of replicas must be used to 'record' 
the behavior of the crack under various loads. Distortions of the 
actual deformations are possible when the replicas are made. 
Disregarding this defect, SEM can be used to check the results from 
other methods. 
14 
C. Parameters that Control K 
op 
The parameters that control have been reported by several 
investigators. 
Elber [1] found U = AK^^^/AK for 2024-T3 AL alloy as: 
U = . = 0.5 + 0.4R. (3) 
max min 
Other investigators found U = 0.68 + 0.91R [28] and U = 0.707 + 0.408R 
[29]. The value of U being as low as 0.4 has been reported [30]. In 
fact, K /K has been reported to be ranging in values from 0.15 to 
op' max ^ ^ ^ 
almost 1 [9,12,14,21]. In a recent investigation, K /K was 
^ ^ ^ op max 
independent of R [9]. Some observations showed U was influenced by 
as well as R. Such as 
K 
U = 7^(8.80R + 6.0) + 1.30R + 0.20. (4) 
The survey of literature [31] shows large discrepancies in the values of 
U which may be due to differences in loading set up, measurement 
techniques, specimen geometry, and materials used. 
D. Normalization of da/dN Data Using K 
op 
The effect of R on da/dN can be normalized if da/dN is plotted 
against AK^^^ instead of AK [1,28,30,27]. One such result is shown in 
Figures 7 and 8. However, some others did not agree with the idea that 
crack closure can fully account for the effect of R on da/dN [16,32]. 
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FIGURE 7. Crack, propagation rate versus AK [27] 
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III. HIGH-SENSITIVITY MOIRE INTERFEROMETRY 
A. Introduction 
Displacements in the sub-wavelength range of light can be 
determined using high sensitivity Moire interferometry. The system was 
outlined by D. Post and W. A. Baracat in Virginia Polytech Institute [4] 
to obtain Moire interferometry patterns. Displacements of a specimen 
were then determined from these patterns. 
B. Optical System and Theory 
The optical system is shown in Figure 9. Light from a Laser passes 
through a spacial filter, diverges and is collected by a parabolic 
mirror at its focal length. The collimated beam reflecting from the 
parabolic mirror is incident upon the plane mirror and specimen. The 
light reflects off the mirror and intercepts the other half of the beam 
directly from the parabolic mirror at an angle of 2a. These two 
intersecting beams form a virtual grating as shown in Figure 10 [33]. 
The constructive and destructive interference of the two beams produces 
the virtual grating. The frequency f of the grating is determined by 
the equation: 
f = |sina. (5) 
In this work, a of 49.4 degrees is used, X = 632.8 nm and the 
corresponding frequency f is 2400 lines per millimeter. 
18 
LASER 
BEAM EXPANDER 
AND FILTER 
C: PARABOLIC MIRROR 
D: SPECIMEN 
E; PLANE MIRROR 
F: CAMERA 
FIGURE 9. Optical system for high-sensitivity Moire interferometry [4] 
19 
FIGURE 10. Interference of two beams [33] 
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The virtual grating is superimposed upon the active grating that is 
pre-coated on the specimen. This produces the interference Moire 
pattern. This interference is similar to the well-known ordinary Moire 
interference [34,35]. The resulting Moire fringes are due to these two 
sets of gratings having differences in pitch and/or in orientation (see 
Figure 11). Along the Nth fringe, the material experiences a 
displacement u (in the principal direction of grating) as 
u = NP N = 0,1,2, (6) 
The fringe patterns are collected by a camera placed in front of 
the specimen. The camera actually picks up the diffraction light 
emerging from the specimen grating. This can be explained as follows. 
As shown in Figure 12, when a parallel beam is incident to the 
transmission grating at an angle a, it is divided into a series of beams 
at preferred angles: ..., 0_^, 0^, 8^^, .... These beams are called 
diffraction orders and are numbered starting with the zero order which 
is the extension of the incident beam. The sign convention is shown in 
figure 12. The reflective grating, as used in these experiments, has a 
similar definition of diffrection order. Note that the zero order is 
the usual direct reflection beam. The grating equation from [36] is: 
sin 0^ = mXf + sin a. (7) 
Where 0^ and a are the angle seen in Figure 12, and m is the diffraction 
order. In this work, He-Ne laser beam is used, wavelength X is equal to 
632.8 nm; a is 49.4 degrees, and the specimen grating frequency f is 
21 
CCNTCR Of LIGHT rniNCtS 
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FIGURE 11. Producing the Moire fringes by (a) having different pitch 
and by (b) having different orientation [34] 
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equal to 1200 lines per millimeter. For diffraction order m being -1 
the diffraction angle 8 equal to 0 degree. In other words, the -1 
order diffraction is perpendicular to the specimen in this case. This 
explains why a camera put in front of the specimen can pick up the first 
order diffraction beam. 
C. Optical Filter System 
Though the laser beam is called parallel coherent, its wavefront is 
warped slightly. The warped wavefront distorts the formation of the 
virtual grating. While the distorted virtual grating superimposes 
against the unloaded specimen grating, an interference pattern is 
formed. This pattern can be called as 'initial pattern' or 'no-load 
pattern'. The initial pattern has nothing to do with the distortion of 
the specimen and should be subtracted from the loaded pattern. To 
obtain this goal a filtering process is employed. 
The optical system (Figure 9) was aligned and the carrier pattern 
was adjusted to about 10 fringes/mm. The carrier pattern is introduced 
by making a slight rotation of the plane mirror. The result is just 
like the virtual grating being rotated which produces a rotational 
mismatch. After a no-load exposure was made, the specimen was loaded 
and a second exposure was made on the same film. Figure 13 shows the 
effect of the double exposure. A coarse Moire pattern is formed by the 
two sets of Moire fringes. This coarse Moire pattern is the load-
induced displacement field and has nothing to do with the original 
23 
FIGURE 12. Diffraction orders from a grating 
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carrier pattern. The high frequency carrier pattern can be filtered out 
by using an optical filtering process. Since the warped wavefront had 
the same effect upon both no-load and load pattern, only load-induced 
displacement field was left after the filtering. 
Figure 14 shows the set up for this optical filtering process. The 
double-exposed negative was placed in a collimated beam. Parallel beams 
emerged from the negative in the various directions of the diffraction 
orders of the carrier grating. When these diffraction orders pass 
through a lens, they were converged to separate spots on the focal plane 
of the lens. A black screen with a pin hole was put at this focal plane 
and only the first diffraction order light was passed through. All 
other diffraction orders were blocked. The first diffraction order 
light was then recorded by a camera. The argument here is: since the 
load-induced Moire pattern had a different frequency than the carrier 
pattern's, no light from this Moire pattern would diffract in the 
direction of the first diffraction order of the carrier pattern. 
Therefore, with this arrangement, load-induced Moire pattern was caught 
by the camera without any disturbance from the carrier pattern. Figure 
15 shows the fringes before and after the filtering process [37]. 
D. Specimen Preparation 
In this work, high frequency specimen grating is needed in order to 
perform the high sensitivity analysis. Thanks to Professor D. Post for 
making this possible. According to him, the specimen gratings are 
25 
FIGURE 13. Double exposure shows the carrier pattern and the coarse 
Moire fringes [4] 
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FIGURE 14. Optical filter system [4] 
FIGURE 15. Fringe pattern before and after the filtering process [37] 
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produced by a two-step procedure. At first, a master grating (or mold) 
of required frequency is made by a photographic process. Secondly, the 
mold is used to reproduced the same grating on the specimen by a 
replication technique. Figure 16 illustrates the detail process. A-
high-resolution photographic plate is exposed to a virtual grating 
produced by two intersecting colimated laser beams. When the plate is 
developed and dried, its surface becomes undulated with the required 
frequency. The frequency is controlled by the angle of intersection of 
the two laser beams. The next step in producing the mold is to use an 
evaporation technique to apply a thin reflective coating of aluminum. 
After that, the reflective coated side of the mold is glued to the 
specimen surface. When the photographic plate, mold, is pried off the 
reflective grating is left bonded to the specimen surface. 
E. Testing the System 
The high sensitivity Moire optical system has been used 
successfully to get the displacement field Moire fringes in D. Post's 
laboratory. However, to understand the system better and check if there 
is any hidden problem, one has to test the system by oneself. In this 
work, a disc specimen is used for this purpose. Figure 17 shows the 
disc subjected to a vertical load. The analytical solution was derived 
by Hondus 1959 [38]. Along the vertical diametral line, the vertical 
displacement is derived as: 
29 
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FIGURE 16. Process for preparation of Moire specimen [36] 
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Where r is equal to y/R. 
Material used here for disc was Homalite 100. Half of the specimen 
was coated with a reflective grating by D. Post. When the specimen is 
loaded, the other half of the specimen (with no grating) shows the 
Photoelastic fringes. By reading the fringe order at the disc center, 
one is able to determine the applied load from the equation: 
f ïïDN 
The specimen is placed in the Moire optical system. Double 
exposure was taken to get both the no-load and load patterns. After the 
optical filtering process, the load-induced Moire pattern was obtained 
as shown in Figure 18. The vertical displacement is then determined by 
locating the fringes along the vertical diametral line. The results 
from this test compared with the analytical solution are shown in Table 
1 and Figure 19. The agreement between the analytical and experimental 
results were good with an average error of about -2%. The largest 
error, -5%, occurs near the center (r = 0) where the deformation is 
small. The error at r = 0.65 is only +2.4%. 
31 
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FIGURE 17. Scheme of disc problem 
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FIGURE 18. Displacement field Moire fringes of the disc 
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TABLE 1. Comparison between analytical and Moire methods 
V X 10 = (inch) 
r 
Analytical Moire 
0. 05 1.56 1.48 
0. 1 3.13 2.97 
0. 15 4.71 4.49 
0. 2 6.33 6.14 
0. 25 7.99 7.77 
0, ,3 9.70 9.44 
0. ,35 11.5 11.2 
0. 4 13.3 13.2 
0, ,45 15.3 15.2 
0 .5 17.4 17.5 
0 .55 19.7 19.8 
0 . 6 22.1 22^ 
0 .65 24.9 25.5 
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FIGURE 19. Compare results between analytical and Moire methods 
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IV. SPECIMEN DESCRIPTION 
Specimen studied in this work was a standard Compact Tension 
specimen (ASTM standard E - 399 - 72). Geometry of the specimen is 
shown in Figure 20. Material used was Aluminum 2024 T351 with a yield 
stress of 53.8 ksi and = 30 ksi-/In. 
The Stress Intensity Factor K for Compact Tension specimen was 
found by Wilson [38] to be: 
K = B^[29.6 - 185.5(g) + 655.7(|)^ - 1017.0(g)^ + 638.9(|)^] (10) 
The crack length a was originally 0.5 inch (pre-cut notch), it 
propagated to 1 inch after the specimen had been loaded cyclically. The 
K control method was employed to keep the stress intensity factor range 
AK constant. Also, the stress ratio R = 0.1 was kept constant during 
the cyclic loading. These were done by continuously decreasing the 
applied loads Fmax and Fmin as the crack was propagating. This is 
illustrated in Figure 21. Figure 22 shows the crack propagation versus 
the loading cycles. 
After the fatigue cyclic loading, the material along the crack was 
dimpled slightly. In order to be used in the optical system, the 
specimen surface was sanded off less than 0.001 inch to get rid of the 
dimple. After that, the surface was coated with reflective grating with 
frequency f = 1200 lines/mm. Then, the specimen was ready for the high-
sensitivity Moire analysis. 
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FIGURE 20. Geometry of a compact tension specimen 
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FIGURE 21. Loading history of a fatigue crack specimen under constant 
AK and R 
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FIGURE 22. Crack, propagation versus loading cycles 
39 
In order to apply static load on the specimen while conducting the 
Moire test, a bolt is used for this purpose. Accordingly, this specimen 
is referred to as the "crack line wedge-loaded specimen" (CLWL) [39]. 
The advantage of this loading method is: The specimen can be easily 
self-stressed, therefore, it is portable and can be handled in an 
experimental system without difficulty. 
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V. CRACK MOUTH OPENING DISPLACEMENT TEST 
A conventional crack mouth opening displacement gauge was employed 
to measure the crack mouth opening displacements under various loads. 
After the calibrations, this CMOD gauge also can serve as a static load 
indicator. 
Figure 23 shows this double-cantilever-beam displacement gauge. 
The circuit of this gauge consists of four active strain gauges, so that 
the output from the circuit is self-temperature-compensated. 
The double-cantilever displacement gauge has proven to be very 
reliable and durable over hundreds of tests [40]. In this work, the 
gauge was calibrated by a super-micrometer. As shown in Figure 24, the 
gauge output is fairly linear. Several calibrations have been done, and 
no discrepancy has been found regarding the calibration results. 
The CMOD gauge was employed to measure the crack mouth opening 
displacement of the compact tension specimen under loadings. The 
specimen was loaded by a MTS machine, the load reading from the machine 
output was believed to be fairly accurate. Figure 25 shows the load-
displacement curve in this measurement. Later on, this figure will be 
served as a static-load indicator. Also, from this figure, one is able 
to determine the crack opening stress intensity factor Kop to be around 
3500 psi-/în. 
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FIGURE 23. A crack mouth opening displacement gauge 
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FIGURE 24. Calibration curve of a crack mouth opening displacement 
gauge 
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FIGURE 25. The load-displacement curve from a CMOD gauge 
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VI. COD MEASUREMENT BY THE MOIRE METHOD 
The high-sensitivity Moire method that utilizes double exposure and 
optical filter techniques was employed to obtain the load-induced Moire 
pattern. Figure 26 - 28 show the results of this method. 
Figure 29 illustrates the numbering of the fringe orders. Crack 
opening displacement along the crack face is obtained as: 
COD = AN X p. (11) 
Where AN is the relative fringe order across the crack face, and p is 
the sensitivity (or the pitch of the grating). In this case, the 
frequency f of the virtual grating is 2400 lines/mm or 60960 lines/inch, 
so the pitch p = 1/f is equal to 0.0000164 inch. 
The disadvantage of this method is that near the crack face the 
fringes are not clear. This can be explained as follows. As described 
earlier, the optical filter can subtract the carrier pattern from the 
load-induced pattern because these two patterns have different 
frequencies. However, the load-induced fringe pattern near the crack 
face tends to be of a high frequency and close to that of the carrier 
pattern. Therefore, when the optical filtering system eliminates the 
carrier pattern, it also eliminates the near crack load-induced pattern 
resulting in the unclear pattern along the crack face. 
In order to get a clear pattern along the crack face, an alternate 
method was chosen. If the initial, no load, pattern does not have a 
considerable number of fringes then a carrier pattern is not needed and 
the filtering step can be eliminated. Fortunately, in this work, only 
FIGURE 26. Moire pattern along the fatigue crack for loading 292 lb. 
FIGURE 27. Moire pattern along the fatigue crack for loading 405 lb. 
FIGURE 28. Moire pattern along the fatigue crack for loading 490 lb. 
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FIGURE 29. Crack, opening measurement by Moire method 
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one initial fringe appeared along the crack face. This is shown in 
Figure 30. While the high sensitivity Moire system gives many fringes 
(usually more than 20) along the crack face, it is appropriate to 
neglect the initial no-load pattern. Figures 31 - 33 show the load 
fringe patterns without carrier pattern involved. COD along the crack 
face was calculated from these figures, and was compared with the value 
measured from previous double exposure techniques. From Figure 34, one 
can see no significant difference between them. This may suggest that 
for measuring COD along the crack face is concerned, the initial pattern 
can be neglected. 
To obtain more confidence about this COD measurement, the CMOD 
gauge was employed for the purpose. Figure 35 shows the scheme of this 
process. At the crack mouth, the opening displacement was measured both 
from Moire pattern and from CMOD gauge. As illustrates in Figure 35, 
there is a short distance between the crack mouth and the knife edge of 
the CMOD gauge. In order to compare the crack opening displacement at 
the knife edge, a linear extrapolation was made to extend the Moire 
fringe pattern from the crack mouth to the knife edge. Since no force 
is involved around the crack mouth, a free end condition can be assumed. 
Therefore, a linear distribution of the displacement is possible. There 
is no serious error will be introduced, because this extrapolation part 
occupies only small portion of the total range. In this case, 10 
fringes was estimated among the total 241 fringes. The comparison of 
the results are shown in Table 2. The agreements are quite good. This 
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FIGURE 30. Initial no-load Moire pattern 
FIGUffi 31. Load Moire pat"'» tor loading 405 lb 
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FIGURE 32. Load Moire pattern for loading 490 lb 
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FIGURE 33. Load Moire pattern for loading 967.5 lb 
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FIGURE 34. COD comparison between with and without considering initial 
no-load pattern 
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comparison also indicate no serious rigid body rotation problem was 
involved when taking the Moire picture. 
TABLE 2. CMOD comparison between CMOD technique and Moire methods 
Crack Mouth Opening Displacement 
Load X 0.001 inch Percentage 
(Pounds) Difference 
CMOD Gauge Moire Method 
405 1.82 1.89 3.7 % 
748 3.87 3.95 2.0 % 
Another check was made to make sure the validity of this COD 
measurement. A 400X microscope was used to examine the opening 
displacement at several selective points along the crack. Figures 36 -
37 show the crack opening from the microscope. COD was measured from 
these pictures, and compared with the values from Moire method and as 
shown in Figure 38. Again, no significant discrepancy was found between 
these two techniques. Finally, one can believe the COD measurement from 
this Moire method is reliable. 
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gauge 
FIGURE 35. Scheme of comparison between CMOD technique and Moire method 
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FIGURE 36. Crack opening around the notch from 400X microscope 
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FIGURE 37. Crack opening at location 3.6 mm from the notch 
59 
20-1 
Moire 
Microscope 
16-
12-
LOAD 967.5 Ib 
LOAD 490 lb 
C T 
DISTANCE FROM FATIGUE TIP (inch) 
FIGURE 38. COD comparison between microscopy and Moire method 
60 
VII. STRESS INTENSITY FACTOR CALCULATION 
A. Theory 
Figure 39 shows the basic geometric coordinate used in the crack 
analysis. The generalized Westergaard equations for Mode I crack follow 
from an Airy stress function of the form [42]: 
F = R e Z + y I m Z + y I r a Y  ( 1 2 )  
n—N jL J ,2-
where Z(z) = Z A z = ^ Z(z) =^Z(z), (13) 
n=0 
m=M 
Y ( z ) =  E B z ' "  =  ^ Y ( z ) .  ( 1 4 )  
m=0 
and z = a + r(cos6 + isinB), (15) 
Under plane stress condition, the vertical displacement which is normal 
to the crack line can be obtained as: 
V = |[2ImZ - (l+v)yReZ - (l+v)yReY + (l-v)ImY] (16) 
This equation also can be written as a Taylor series: 
V = |sin|[2 - (l+v)cos^|][A^r^ + A^r^^ + A^r^' + ...] + 
lysine[B^r + B^r^ + B^r^ + ...] (17) 
The leading terms A^ and B^ in the series expansion are the well-known 
terms corresponding to the modified near-field equations. Namely, 
Ag = K/(2Tr)^ (18) 
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and 
B„ = (U) 
where K is the so called the stress intensity factor and a is the 
ox 
Irwin's far-field stress constant [43]. 
Y 
FIGURE 39. Basic coordinate used in crack analysis 
For determining COD, 0 = it, therefore, 
®^I i 2-^ 
COD = 2v = + C^r^' + .... (20) 
Note that Irwin's additional stress constant a does not appear in 
ox 
above COD equation. This equation served as a mathematical model for 
solving stress intensity factor . To formulate the regression model a 
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least square technique was employed. Before solving the crack closure 
problem, an open crack case was studied to check the validity of using 
COD data to determine K^. 
Figure 40 shows a Moire pattern of a pure mode I central crack 
which was obtained by Schaeffer et al. in 1971 [44]. The specimen was a 
thin steel plate with E = 32 x 10® psi, yield stress 91 ksi, 6 inches 
wide, 1 inch central crack cut by a 0.007 inch width jewelers' saw 
blade. The frequency of the Moire grid was 13400 lines/inch (528 
lines/mm). 
1. Analytical solution 
The Dugdale's elasto-plastic model was used to account for the 
crack tip plasticity effect. Figure 41 shows the scheme of this model. 
According to Dugdale, when the crack is subjected to load, the crack 
length is increased by the plastic zone radius r^. Therefore, the 
effective crack length is longer than the true crack length by r^ 
(i.e., a = a + r ). The elasto-plastic solution for plastic zone 
eff p 
radius under plane stress condition is: 
The Westergaard solution for the stress intensity factor for a 
central crack specimen is: 
B. A Case Study on K Determination 
r 
P 
(21)  
(22)  
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40. Moire pattern and COD for a central crack [44] 
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FIGURE 41. COD along the crack face in Dugdale's model 
where o is the applied stress, and f(a^^^/b) is called the geometry-
correction factor [45]. Since the plastic zone radius is itself 
dependent on the stress intensity factor, the value of the effective 
must be determined by an iterative process that may be truncated at any 
given level to achieve the desired accuracy. When the difference 
between two successive iterations was less than 0.1%, the iteration 
process was halted and a convergent solution was obtained. By using 
this method, the effective was found to be 79.1 ksi-/în. Some 
iteration steps are described as follows. 
At first, one assumes there was no plastic zone, r^ = 0, therefore 
= a = 0.5 inch. From Eq. 22, one got = 70.3 ksi-/Tn. This 
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was then plugged into Eq. 21 to obtain = 0.095 inch. The next 
iteration involved using r = 0.095 inch to calculate a new a of 
p eff 
0.595 inch, new of 76.7 ksi-/în, and new of 0.113 inch. As the 
iteration continued, finally, one obtained a converged solution: r^ = 
0.120 inch, a^^^ - 0.620 inch, and = 79.1 ksi-Zxn. 
One should notice that most materials do not behave elasto-
plastically, instead they work harden. So does the steel material in 
this case. Therefore, it is easily understood that the true plastic 
zone radius r^ should be less than that predicted by the elasto-plastic 
model. Hence, one concludes that the true r^ is between 0 and 0.120 
inch, and the true is between 70.3 ksi-ZIii and 79.1 ksi-/Tn. 
2. Experimental solution 
The following method to determine is similar to the one proposed 
by Barker et al. [46]. Crack opening displacement along the crack face 
was measured from Figure 40 and was used to calculate by a least 
square regression technique which is described as follows: 
Let Y = COD, Z = 8KJ/E/2tF, then COD's equation becomes: 
Y = Zr' + C^r^z + C^r"' + (23) 
The observation of Y can be modeled as: 
''i = Z'l* + S'i'* * S'l'* + (24) 
where e^ represents the deviation of that particular observation Y^ from 
the estimated model (Eq.23). If written in matrix form, the above 
equation becomes : 
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^1 4 
m-i' 
1 
Z 
"l 
^2 4 
m-i 
2 S "2 
^3 
= 
4 '3* 4* 
m-i 
S 
+ 
"3 
Y 
n 
r' 
n n 
rm4 
n 
c 
m. 
e 
1 
In short-hand writing, above matrix equation can be written as: 
{Y} = [r]{C} + {e) •(26) 
The least square solution for {C} can be obtained as: 
{C} = ([r]'^[r])"^r]'^{Y}. (27) 
After Z is calculated, can be obtained as = E/Zif/SZ. 
As described earlier, the crack length increases when the crack is 
subjected to load. Therefore, in the above derivation, the location 
matrix [r] is itself dependent on K^. So that iteration process is 
needed again to get the effective . A piece-wise step by step method 
is chosen to solve the problem. At first, one assumes a reasonable 
range for r^, and divides this range into several pieces. Secondly, for 
each value of r the regression above is run and a solution for K_ is 
P I 
obtained. Also, the corresponding sum of squared errors (SSE) and 
coefficient of multiple determination terms [47] for the regression 
model are calculated. Finally, among these sets of solutions, the value 
that gives the smallest SSE or greatest is the answer that satisfies 
the least square criterion. 
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One controversial question about the models is: how many terms of 
the parameter is best to correlate the displacement and the stress 
intensity factor? In order to answer this question, models with various 
number of parameters were tested. The results are shown in Figure 42. 
A data range for COD from r/a = 0.1 to r/a = 0.3, Figure 40, was 
used in all cases. In the one parameter model test, the least SSE (or 
least root mean squared error RMSE) occurred at r = 0.065 inch and K_ = 
P I 
75.7 ksi-v/Tii. This result agrees with the result in the above 
analytical method. In the two parameter model test, the least RMSE 
result occurred at r = 0.040 inch and = 88.7 ksi-/ïn which did not 
P I 
agree with the analytical result. Similarly, three and four parameter 
models failed to agree with the analytical result. Therefore, it 
appears that in this data range the one parameter model gives the most 
reasonable result. Besides, when one assumes r = 0.065 inch, the 
P 
corresponding Kj has no significant change when the model parameter 
changes from one to two. (Note; is equal to 75.7 ksi-ZIn in the one 
parameter model, is 75.6 ksi-/ïn in the two parameter model.) So that 
r^ = 0.065 inch and = 75.7 ksi-/Tn obtained from the one parameter 
model can be considered as a well converged result. 
If the equation of the plastic zone radius, Eq.21, is written in 
general form: 
S = 
ys 
(28)  
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FIGURE 42. KJ determination by various models 
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Then, in this case, a is equal to 3.38. In the elasto-plastic solution, 
a is equal to 2 under plane stress condition, and is equal to 6 under 
plane strain condition. Since in Moire measurements the material 
surface is observed and studied, the state of stress is more like- plane 
stress than plane strain. Therefore, the value a being closer to 2 than 
6 is reasonable. In the literature, a equal to 3.74 on a steel surface 
has been reported [48]. If this a is used, then the iteration process 
between Eq.22 and Eq.28 yields the converged results; = 0.057 inch 
and Kj = 74.2 ksi-/In. This is less than the one determined above 
75.7 ksi-/ïn by only 2%. 
From the above discussion, one concludes that the one parameter 
model in determination is reliable if the data range is between r/a = 
0.1 and r/a =0.3. 
C. Stress Intensity Factor for the Fatigue Crack 
In this section, the effective crack length a^^^ and the associated 
are determined for the compact tension specimen. Nine different 
loads are applied with various degrees of crack closure present. At the 
highest load, the crack is just open. It has been suggested by other 
workers [49,50] that a compressive residual stress intensity factor 
exists when tensile-tensile cyclic load is applied to produce a fatigue 
crack. The K is determined by comparing the difference between K 
res J I- o ef f 
and the applied stress intensity factor k 
app 
70 
The crack opening displacement of a fatigue crack is significantly 
different from that of a saw-cut open crack because of the crack closure 
behavior. A comparison of CODs between a fatigue crack and an open 
crack is shown in Figure 43. The COD of the fatigue crack was measured 
in the present work by using the Noire method, while a Boundary Element 
Method [BEM] simulation was employed to calculated the COD of the open 
crack. The BEM was developed by Crouch [51] Crouch and Starfield [52], 
and it was designed especially for solving displacement discontinuity 
problem (e.g., crack opening displacement). This program has been 
reviewed by Zachary and Ski1lings [53] as a powerful tool for solution 
of crack problems. 
From Figure 43, one can obviously see that the COD of a fatigue 
crack specimen is smaller than that of an open crack specimen. Also, 
part of the fatigue crack is still closed though it is subjected to 
tensile load. Therefore, the effective crack length for the fatigue 
crack a^^^ should be shorter than the true fatigue crack length a, until 
the crack tip is fully opened, measured to the point on the 
crack that first exhibits zero COD for the fatigue crack (see Figure 
43). 
The CODs for the nine loads of the fatigue specimen are shown in 
Figure 44. These COD data were used to calculate the effective crack 
length a^^^and the corresponding effective stress intensity factor 
The method is very similar to the one described earlier. One guesses a 
series of possible values for a _and for each value of a one 
eff eff 
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FIGURE 43. COD along a fatigue crack and an open crack 
72 
solves a least square solution for and calculates the corresponding 
2 2 SSE and R . Finally, the a^^^ that gives the least SSE or greatest R 
is picked as the least square solution. The results are shown in Table 
3 It should be noted that a = a + r . r is very small and is less 
eff P P 
than 0.003 inch for all nine load cases, r^ has negligible effect on 
the calculation of K. Also it should be noted that K has no effect 
eff 
on crack growth unless K is greater than K , because when K less 
eff op eff 
than the fatigue crack tip is not fully open. 
TABLE 3. Effective crack length and effective stress intensity factor 
LoadClb.) 180 292.5 405 490 675 787 967.5 1035 1260 
a (in) 0.848 0.887 0.906 0.926 0.950 0.965 0.979 0.985 1.000 
K®^^(psi-/in) 792 1507 2294 2898 4086 4858 6137 6567 8061 
To see how the residual stress, which is left in the plastic wake 
when producing the fatigue crack, influences the stress intensity factor 
on the fatigue crack, a comparison was made between the and the 
applied (or apparent) stress intensity factor which is calculated 
by the open crack formula (Eq.lO). In calculating K , the fatigue 
app 
crack length of 1.000 inch was used. Both K and K versus load are 
" app eff 
shown in Figure 45. There appears to be a constant difference between 
the two curves. This difference A = K - K is listed in Table 4, 
app eff 
and the value varies from 430 to 498 for different loads. 
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FIGURE 44. COD of the fatigue specimen 
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TABLE 4. Difference between apparent and effective stress intensity 
factor 
Load(lb) 180 292.5 405 490 675 787 967.5 1035 1260 
ACpsi-ZIn) 430 476 456 430 498 487 433 462 496 
If these differences (As) do not depend on applied load, then, one 
may conclude that A is a constant for this fatigue crack. This suggests 
that a residual stress intensity factor exists when producing the 
fatigue crack, and K = K + K 
^ eff app res 
To support above argument, a statistic test was performed (see the 
Appendix). This involves a linear regression A = a + gF and testing a 
hypothesis A = constant, or, 0. The test result showed 
was retained for at least 80 % confidence interval. In other words, A 
is statistically a constant. Therefore, the residual stress intensity 
factor argument is adequate. The best estimate of this compressive 
is the mean value of A, or, K = - 463 psi-Zin. 
res ^ 
D. Crack Opening Stress Intensity Factor 
As shown in Table 3, the effective crack length grows when the 
applied load increases. Figure 46 shows this growth behavior. When the 
effective crack length reaches the fatigue crack length the fatigue 
crack tip is considered open, and the corresponding stress intensity 
factor is In this case, the applied is equal to 8500 psi-/in. 
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By considering the existence of the residual stress intensity 
factor, one modifies the scheme of fatigue crack closure (Figure 1) as 
shown in Figure 47. In this study, the residual = -0.463 ksi-/ïn 
is not significant when compared with the applied stress intensity 
= 15.15 ksi-ZIii and the crack opening stress =8.5 ksi-/Tn. 
However, the effective stress ratio R is equal to 0.07 which is 
eff ^ 
significantly different from the apparent stress ratio R = 0.1. 
E. Comparison of the Crack Opening Stress Intensity Factor 
The back-face and near-tip strain gauges as well as the CMOD gauge 
were employed to obtain the K . The results are listed in Table 5 to 
op 
compare with the value obtained from above method and from Elber's 
formula. As one can see, the K determined by Moire method is close to 
op 
that obtained by near-tip strain gauge and predicted from Elber's 
formula. This K is called the local closure, it may be dominated by 
op 
the effect of the reverse plastic zone at the fatigue crack tip. The 
back-face strain gauge gave a similar to that of the CMOD gauge. 
The is called global closure, it may be related to the size of the 
plastic wake along the fatigue crack. The local closure is about 2.5 
times the global closure. 
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FIGURE 47. Modified scheme of fatigue crack closure 
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TABLE 5. Opening stress intensity factors 
Moire CMOD NTS BFS Elber's formula 
K (psi-ZIii) 8500 3500 8200 3050 8300 
op'^ 
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VIII. CONCLUSIONS AND RECOMMENDATIONS 
Crack closure plays an important role on fatigue-crack-growth 
behavior. The most important parameter for the crack closure behavior 
is which can be determined by using clip gauges, strain gauges, or 
the Moire method. 
A disc specimen test showed that the high-sensitivity Moire method, 
which was developed by D.- Post, can be used to measure displacement 
accurately. The sensitivity of this method is equal to the pitch of the 
reference grid 16.4 pinch. The initial Moire pattern, which is caused 
by laser's warped wavefront, has negligible effect in high-sensitivity 
Moire measurement. The crack opening displacement measured by this 
method can be confirmed by either a clip gauge or a microscope. 
From the distribution of COD, one can obviously see part of the 
fatigue crack is still closed though the crack is subjected to tensile 
load. The effective crack length is shorter than the true fatigue crack 
length until the crack tip is fully open. This effective crack length 
and the corresponding effective stress intensity factor can be 
determined by using the measured COD data. The determination using 
COD data is confirmed by studing a open crack case. It appears that the 
one parameter model can give a reasonable result if the data range for 
r/a is between 0.1 and 0.3. The difference between the applied apparent 
stress intensity factor and the effective stress intensity factor is 
independent on the applied load and is equal to the residual stress 
intensity factor which is generated when producing the fatigue crack. 
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This residual stress intensity factor for the material and load 
conditions studied is insignificant when compared with the applied 
stress K and crack opening stress K . But the resulting effective 
max op 
stress ratio is significantly different from the apparent stress 
ratio R. 
The crack opening stress intensity factor occurs when the 
effective crack length equals the fatigue crack length. This agrees 
with the one obtained by the near-tip strain gauge and by Elber's 
formula. 
There are several research areas that need to be further 
investigated. These areas include the following: 
1. Further statistical analysis is necessary to investigate 
which crack closure (global or local) actually controls the 
fatigue crack growth rate. 
2. The relationship between the loading history and the crack 
closure is still controversial, need to be further studied. 
3. Systematic experimental investigation is required to evaluate 
the effect of material properties, size, and geometry on 
closure. 
4. The residual stress intensity factor is seldom studied. It 
reduces the effect from the applied stress intensity factor 
and therefore plays a role in fatigue crack growth behavior. 
Analytical solution for the residual stress is essential and 
needs to be developed. 
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It has been reported that K at the surface is higher than 
op 
that observed at the interior. However, whether the near tip 
interior corresponds to the thickness averaged global 
closure needs to be further investigated. 
If the specimen is thick, the closure behavior on the surface 
would be different from that at the interior. Therefore, the 
closure in thick specimen is quite different from a thin 
specimen. The thickness effect on crack closure need to be 
studied. 
Since the fatigue specimen has a curved crack front, the 
crack tip advances farther at the interior than on the 
surface. This suggest that a 3 dimensional analysis may be 
more adequate than a 2 dimensional in-plane analysis. 
The global closure may be related to the size of the plastic 
wake along the fatigue crack; while the local closure may be 
dominated by the effect of the reverse plastic zone at the 
tip. An over-load cycle which does not change the plastic 
wake but increases the reverse plastic zone at the tip will 
be useful to study the local closure. 
The reported discrepancies in the effects of K , K . , and 
^ max mm 
R on by different investigators suggest a comprehensive 
experimental program is needed to sort out the contradictions 
which may be originated from the method of determination, 
from the type of tests, from the material, or the geometry of 
the specimen. 
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XI. APPENDIX: A STATISTICAL TEST ON INDEPENDENCE 
The observations of the difference A and the load F are listed as 
follows : 
Observation 1234567 89 
Load F 180 292.5 405 490 675 787 967.5 1035 1260 
Difference A 430 476 456 430 498 487 433 462 496 
To test if A is independent on F, a linear model is assumed: 
A = a + 3F. 
If the coefficient 3 is insignificantly different from 0, A can be 
considered constant, and therefore, A is independent on F. 
The sample regression coefficients a and b can be obtained by; 
b = [ Z (F. - F)A.]/[ I (F. - F):] = 0.0301, 
i=l ^ ^ i=l ^ 
and 
a = A - bF = 442.7, 
where A and F are the mean value for A and F respectively. Therefore, 
the estimate linear model yields: 
A = 442.7 + 0.0301F. 
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Next, a hypothesis g = 0 is tested. The mean square error MSE 
or the variance is calculated as: 
n 
MSE = S' = [ Z (Y. - Y.)']/(n-2) = 745.1. 
i=l ^ ^ 
So the standard deviation S is equal to 27.3. The estimated standard 
error of b is : 
9 1 
S = S/[ I (F. - F):]: = 0.0254. 
i=l ^ 
Hence, the value of the test statistic for testing P = 0 is 
= |- = 1.14. 
b 
If the confidence interval is chosen as 80%, then a = 0.2. From t-
distribution table one obtains: 
^a/2,n-2 ^0.1,7 
Since the calculated t is smaller then the table value t „ one 
c a/2,n-2 
retains the hypothesis H^. By running the commercial SAS program, one 
obtained the P value for rejecting the HQ was 0.291. This indicates 
that the is retained for a level smaller than 0.291. Therefore, one 
conclued that the relationship between A and F was statistically weak. 
In other words, A can be considered independent on F. 
